R : Robot SU : n identical safety units ( one operating and n-1 on standby) S : Switch for replacing a failed safety unit and it can also fail. • The robot fails with a normally working safety unit and the switch. In addition zero or more safety units are on standby.
• The robot fails with one or more safety units failed or considered failed and the switch is either working or failed.
• The following assumptions are associated with this model:
• The robot-safety system is composed of one robot, n identical safety units ( only one operates and the rest remain on standby) and a switch.
• Robot, switch and one safety unit start operating simultaneously.
• The completely failed robot-safety system and its individually failed units ( i.e. robot, switch and safety unit) can be repaired. Failure and repair rates of robot, switch and safety units are constant.
• The failure robot-safety system repair rates can be constant or non-constant.
• All failures are statistically independent.
• A repaired safety unit, robot, switch or the total robot-safety system is as good as new. 
Notation
The following symbols are associated with the model:
i i th state of the robot-safety system. for i = 0, means the robot, the switch and one safety unit are working normally; for i = 1, means the robot, the switch, one safety unit are working normally and one safety unit has failed; for i = k, means the robot, the switch, one safety unit are working normally and k safety units have failed; ( i.e., k = 2,3……n-1); for i = n, means the robot work, the switch are working normally and all safety units have failed; for i = h, means the robot, one safety unit still work normally and h-n safety units and the switch have failed; ( i.e., h = n+1, n+2,…… 2n) for i = 2n+1, means the robot work normally and all the safety units and the switch have failed; j j th state of the robot-safety system: for j = 2n+2, means the total robot-safety system has failed ( i.e. the robot , one or more safety units have failed or considered failed and the switch is either working or failed); for j = 2n+ 3, means the robot-safety system has failed ( i.e. the robot has failed while a safety unit and the switch are working normally. In addition, zero or more safety units are on standby); t time. Finite repair time interval.
j (x)
Time dependent repair rate when the failed robot-safety system is in state j:and has an elapsed repair time of x; for j = 2n+2, 2n+3.
Px . tΔ
The probability that at time t, the failed robot-safety system is in state j and the elapsed repair time lies in the interval [x, x+ Δ x]; for j = 2n+2, 2n+3 . pdf Probability density function.
Pdf of repair time when the failed robot-safety system is in state j and has an elapsed time of x; for j = 2n+2, 2n+3 . P j (t) Probability that the robot safety system is in state j at time t; for j = 2n+2, 2n+3.
Probability that the robot-safety system is in state i at time t; for i = 0,1,2…2n+1.
P i Steady state probability that the robot-safety system is in state i; for i=0,1,..2n+1.
j P
Steady state probability that robot-safety system is in state j; for j = 2n+2, 2n+3. s Laplace transform variable.
() i Ps
Laplace transform of the probability that the robot-safety system is in state i; for i = 0,1,2…2n+1.
() j Ps
Laplace transform of the probability that the robot-safety system is in state j; for j = 2n+2, 2n+3.
AVrs(s)
Laplace transform of the robot-safety system availability with one normally working safety unit, the switch and the robot. AVr(s)
Laplace transform of the robot-safety system availability with or without a normally safety unit. AVrs (t) Robot-safety system time dependent availability with one normally working safety unit, the switch and the robot. AVr(t) Robot-safety system time dependent availability with or without a normally working safety unit. SSAVrs Robot-safety system steady state availability with one normally working safety unit, the switch and the robot. SSAVr Robot-safety system steady state availability with or without a normally working safety unit.
Rrs(s)
Laplace transform of the robot-safety system reliability with one normally working safety unit, the switch and the robot. Rr(s)
Laplace transform of the robot safety system reliability with or without a normally working safety unit. MTTFrs Robot-safety system mean time to failure when the robot working normally with one normally working safety unit. MTTFr Robot-safety system mean time to failure with or without a normally working safety unit.
Generalized robot-safety system analysis
Using the supplementary method [8, 9] ,the equations of the system associated with Fig.2 can be expressed as follows:
The associated boundary conditions are as follows:
At time t = 0, P 0 (0) = 1, and all other initial state probabilities are equal to zero.
Generalized Robot-Safety System Laplace Transforms of State Probabilities
By solving Equations (1)-(8) with the Laplace transform method, we get the following Laplace transforms of state probabilities:
where 
is the failed robot safety system repair time probability density function The Laplace transform of the robot-safety system availability with one normally working safety unit, the switch and the robot is given by:
The Laplace transform of the robot-safety system availability with or without a normally working safety unit:
Taking the inverse Laplace transforms of the above equations, we can obtain the time dependent state probabilities, P i (t)and P j (t), and robot-safety system availabilities, AVrs(t) and AVr(t).
Robot Safety System Time Dependent Analysis For A Special Case
For two safety units ( i.e., one working, other one on standby) Substituting n=2 into Equations (9)- (16) 
where
The Laplace transform of the robot-safety system availability with one normally working safety unit, the switch and the robot is given by:
The Laplace transform of the robot-safety system availability with or without a normally working safety unit is given by:
Thus, for the failed robot-safety system repair time x is exponentially distributed repair times, the probability function is expressed by
(26) where x is the repair time variable and j µ is the constant repair rate of state j.
Substituting equation (26) into equation (15), we can get
By inserting Equation (27) into Equations (9) . Time-dependent probability plots for a robot safety system with exponential distributed failed system repair time.
Generalized Robot Safety System Steady State Analysis
As time approaches infinity, all state probabilities reach the steady state. Thus, from
Equations (1)- (8) get:
( for i = 1,2,……..,n-1) a n P n = s
The associated boundary conditions are as follows: 
We get:
where Thus, the mean time to robot-safety system repair is given by
Substituting equation (47) 
2) For the failed robot-safety system Weibull distributed repair time x, the probability density function is expressed by (49) where x is the repair time variabl, j µ is the scale parameter and β is the shape parameter . Thus, the mean time to robot-safety system repair is given by
Substituting (50) into equation (42), we can get
3) For the failed robot-safety system Rayleigh distributed repair time x, the probability density function is expressed by
where x is the repair time varable, j µ is the scale parameter.
Thus, the mean time to robot-safety system repair is given by
Substituting (53) 
Substituting (58) 
5) For the failed robot system exponentially distributed repair time x, the probability density function is expressed by
where x is the repair time variable and j µ is the constant repair rate of state j.
Substituting equation ( 
Robot-Safety System Reliability and MTTF Analysis
Setting j µ = 0, (for j = 2n+2, 2n+3 ), in Figure 2 and using the Markov method[11], we write the following equations for the modified figure: dt t dP ) ( 
At time t = 0, P 0 (0) =1 and all other initial conditions state probabilities are equal to zero. By solving Equations (71) - (77) with the aid of Laplace transforms, we get: 
The Laplace transform of the robot-safety system reliability with one normally working safety unit, the switch and the robot is given by: 
Robot-Safety System MTTF Analysis for a Special Case
Substituting n = 2 into Equation (86) and (87) These plots demonstrate that MTTF r is greater than MTTF rs , but just MTTF rs increases with the increasing value of s µ .
